Introduction
One third to one half of patients with sarcoidosis have a chronic, unremitting course with persistent inflammation causing progressive organ impairment that prompts treatment [1] . Corticosteroid therapy is the cornerstone of therapy but with chronic disease, adverse effects of corticosteroids are unavoidable. Thus, expert consensus recommendations include the use of steroid sparing therapies, though their exact role remains uncertain given a lack of comparison studies [2] . Commonly used therapies include hydroxychloroquine, methotrexate, azathioprine, mycophenolate and anti-tumor necrosis factor (TNF) therapies [3] [4] [5] . These therapies are not effective or poorly tolerated in 20-40% of patients, [3, 6] all have potential serious adverse effects and none are FDA approved for sarcoidosis. Thus, additional steroid sparing therapies are needed for chronic sarcoidosis.
Our research has previously demonstrated a potential key role for the protein serum amyloid A (SAA) in the pathogenesis of sarcoidosis [7, 8] . SAA is an amyloid precursor protein and acute phase reactant that is known to be upregulated in the blood of sarcoidosis patients, and we have shown that SAA is concentrated within sarcoidosis granulomas where it can promote Thl-mediated granulomatous inflammation [7] . A potent upregulator of SAA is interleukin(IL)-6, a pleomorphic pro-inflammatory cytokine previously shown to be highly expressed in sarcoidosis-affected tissues [9] . Accordingly, inhibition of the IL-6 pathway presents an intriguing approach for the treatment of sarcoidosis.
Tocilizumab is a recombinant, humanized, anti-human IL-6 receptor monoclonal antibody and powerful inhibitor of the IL-6 pathway. Tocilizumab is FDA-approved for treatment of moderate-to-severe rheumatoid arthritis, polyarticular or systemic juvenile idiopathic arthritis, and giant cell arteritis [10] and has also shown promise in treating amyloid A amyloidosis and Castleman disease [11, 12] . We hypothesize that tocilizumab could serve as a novel corticosteroid-sparing therapy in chronic sarcoidosis.
Materials and methods
We performed a chart review of 4 patients over a six-year time course (2012-2018) seen in the Johns Hopkins Sarcoidosis Clinic that were treated with tocilizumab. Data was extracted from the medical records with IRB approval.
Results

Patient 1
Patient 1 is a white woman (now in her 50s), never smoker, who was diagnosed with biopsyproven pulmonary sarcoidosis and hypercalcemia in her 20s. She had an initial chest x-ray showing mediastinal and hilar lymphadenopathy and interstitial infiltrates (Scadding stage II). She was treated for progressive respiratory symptoms and reduced pulmonary function with prednisone. Multiple attempts to taper prednisone below 15 mg/day resulted in recurrent symptoms and reduced lung function. She was continuously treated with prednisone for approximately 28 years with cumulative adverse effects from corticosteroids including osteopenia, hypertension, diabetes, and osteonecrosis requiring bilateral hip replacements. Multiple steroid sparing therapies were tried including hydroxychloroquine, methotrexate, azathioprine, minocycline, mycophenolate, adalimumab, infliximab, and leflunomide. These medications were ineffective in allowing steroid tapering or had adverse effects such as leukopenia with mycophenolate. With these ineffective trials, lung function gradually decreased and chest radiographs showed progressive pulmonary fibrosis. With informed consent, the patient was initiated on 4 mg/kg tocilizumab monthly infusions. Within days the patient reported improvement in her symptoms with reduced dyspnea and improved well-being with gradual improvement in her pulmonary function over several months. She continued to have further improvement over the following several months and her prednisone was tapered slowly to a dose of 5-7 mg daily with improved symptoms and pulmonary function (Table 1) . Tocilizumab was increased to 8 mg/kg after 6 months of treatment in an attempt to taper off prednisone completely, however tapering of prednisone resulted in worsening pulmonary symptoms and function. She continued on a monthly dose of tocilizumab with low dose prednisone for 32 months without worsening. She developed an episode of bronchitis which was treated with antibiotics and tocilizumab therapy was temporarily discontinued. Her prednisone dose was increased back to prednisone 15mg/day. After her infection resolved, tocilizumab subcutaneous injections were initiated at 162 mg per week in addition to methotrexate 5 mg weekly. Tocilizumab subcutaneous injections were chosen because of a recent trial which showed effectiveness of subcutaneous tocilizumab in giant cell arteritis [10] . The prednisone dose was reduced again to prednisone 5 mg/day with stable symptoms and pulmonary function.
Patient 2
Patient 2 is a black woman (now in her 50s), never smoker, who was diagnosed with pulmonary sarcoidosis, biopsy-proven disfiguring lupus pernio, and severe sinus disease with septal perforation in her 20s. She had a chest x-ray Scadding stage II at initial presentation. She was treated continuously with prednisone for 10 years with a minimum effective dose of 15 mg daily that was only partially effective in controlling her facial nodules and erythema. Adverse steroid effects included worsening diabetes and osteopenia. Steroid sparing agents including hydroxychloroquine, methotrexate, minocycline, and adalimumab were ineffective for the lupus pernio and sinus disease. Infliximab therapy was initiated with improvement in her skin, sinus and pulmonary manifestations; she continued on this therapy for 2 years until it was discontinued due to reduced effectiveness. With informed consent, the patient was then initiated on monthly infusions of 4 mg/kg tocilizumab. She developed improvement in her respiratory symptoms, cutaneous lesions, and well-being within 1-2 months of treatment. On clinical exam, she had significant reduction in the size, nodularity, and erythema of her skin eruptions. Her prednisone dose was tapered ultimately to 5 mg daily with persistent improvement in her cutaneous manifestation and stable lung function (Table 1) . Unfortunately, during her 3rd year of treatment with tocilizumab, the patient developed breast cancer and tocilizumab was discontinued.
Patient 3
Patient 3 is a white man (now in his 50s), never smoker, who was diagnosed with biopsyproven pulmonary sarcoidosis, severe constitutional manifestations including fevers, sweats and severe fatigue, joint pains and diarrhea in his 40s. He had a chest x-ray Scadding stage II at initial presentation. He was treated with prednisone for approximately 4 years with a minimum dose of 15 mg daily with incomplete control of his multiple symptoms, suggesting his minimum effective dose of prednisone was likely higher. He underwent an extensive GI evaluation and was found to have abdominal lymphadenopathy, but no additional specific pathology. His C-reactive protein (CRP) was consistently elevated above 100mg/l (normal < 5 mg/l). Steroid adverse effects included hyperlipidemia and cushingoid facial and skin features. Methotrexate and adalimumab were not effective as steroid sparing therapy in controlling his pulmonary, joint or systemic symptoms. With informed consent, the patient was treated with tocilizumab 162 mg subcutaneous injections every 2 weeks. He experienced significant improvement with reduced shortness of breath, improved pulmonary function and resolution of fevers and sweats, improved energy, reduced joint pains, and resolution of his GI symptoms; his CRP decreased to less than 5 mg/l within 1-2 months (Table 1) . His prednisone has been tapered to 10 mg/day and he continues on a slow steroid taper.
Patient 4
Patient 4 is a white man (now in his 60s), never smoker, who was diagnosed with biopsyproven pulmonary sarcoidosis in his 30s complicated by intractable chest pain and cutaneous sarcoidosis. He had a chest x-ray Scadding stage III (interstitial infiltrates without lymphadenopathy) at initial presentation. He was treated with prednisone initially for 6 months at the time of diagnosis, then remained off treatment for 15 years. He subsequently had a return of dyspnea and chest pain and he was placed back on prednisone. He was treated with prednisone for approximately 8 years. A minimum dose of prednisone 20 mg daily was needed to control his respiratory symptoms and chest pains. Steroid adverse effects included weight gain and cushingoid features. Methotrexate and infliximab were not effective at controlling his manifestations. With informed consent, the patient was treated with monthly infusions of 4 mg/kg of tocilizumab. He experienced improvement in dyspnea and significant resolution of his chest pains allowing his prednisone to be tapered to 10 mg daily within 1-2 months (Table 1) . Tocilizumab was recently discontinued after 6 years due to the development of peripheral neuropathy and he is undergoing an evaluation for this problem.
Discussion
This case series briefly summarizes the outcome of tocilizumab treatment in four sarcoidosis patients with chronic, severe manifestations who had failed multiple steroid sparing therapies. All four patients had a positive, and in 3 cases, a dramatic response to tocilizumab with improved symptoms and improved organ function while allowing a significant reduction of corticosteroid dosing. These anecdotal cases suggest that targeting the IL6 pathway may be beneficial in multisystem chronic sarcoidosis.
We postulate that the effect of IL6 receptor inhibition in sarcoidosis is to reduce SAA precursor protein, which is concentrated within sarcoidosis granulomas [8] . In other diseases involving progressive protein aggregation such as in amyloidosis, prion or Alzheimer disease, therapies that lower precursor production of the accumulated protein may be therapeutic [13] . Based on our studies and the known biology of SAA as an amyloid precursor protein which will self-aggregate at low concentrations, we hypothesized that IL6 receptor blockade would reduce SAA aggregation at sites of granuloma formation, thus inhibiting the feed-forward amplification of local proinflammatory Th1 responses necessary for the chronic granulomatous inflammation in sarcoidosis [7] .
There are other mechanisms that likely play a role in the potential effectiveness of tocilizumab in sarcoidosis (Fig. 1) . IL6 is a key cytokine in promoting the differentiation of Th17 effector cells. Both Th17 and more recently the subset of Th17.1 effector T cells that express INFγ have been implicated in sarcoidosis pathobiology [14, 15] . Thus, IL6 could be a key regulator of the Th17 and Th17.1 local immune responses in sarcoidosis. A third potential mechanism involves the link between IL6 and activation of the metabolic checkpoint kinase mammalian target of rapamycin complex 1 (mTORC1) in macrophages based a recent study by Linke and colleagues that implicates this pathway as a key regulator of epithelioid cell differentiation in sarcoidosis [16] . IL6 activates the mTOR pathway through Janus tyrosine Kinase (JAK) [17, 18] . Of note, there has been a recent description of a patient with cutaneous sarcoidosis being treated with tofacitinib, a JAK inhibitor, and having clinical improvement, supporting a role for JAK signaling in sarcoidosis [19] . A fourth possible mechanism involves the finding that IL6 may inhibit differentiation of regulatory T cells; this effect may allow enhanced effector T-cell responses including those involving Th1/Th17/Th17.1 immune responses at sites of disease [20] .
There are two case reports of sarcoidosis being associated with the use of tocilizumab as treatment for rheumatoid arthritis [21, 22] .Whether these are examples of IL6 blockade being ineffective in the development of sarcoidosis or that in some cases, alteration of the immune system with IL6 blockade may predispose to sarcoidosis, remains uncertain [23] .
Although tocilizumab appears beneficial in at least a subset of sarcoidosis patients, the overall safety profile of tocilizumab appears to be similar to other biologics such as anti-TNF agents. Tocilizumab has reported adverse effects including increased risk of infection and cancer. The increased rate of infection appears to be similar to other biologics such as anti-TNF agents [24] . The risk of malignancy with tocilizumab is uncertain; one study reported the risk of malignancy with tocilizumab to be similar to biologic drug-naive patients in a national register-based cohort [25] . We report one patient who developed breast cancer after receiving tocilizumab, however she was also treated with anti-TNF agents and other immunosuppressive therapies in the preceding years and it is impossible to know if any of these agents played a role in this cancer. Tocilizumab has been associated with adverse GI events such as bowel perforation. Given that intestinal involvement in sarcoidosis is rare, [26] it is uncertain whether there is any increased disease-specific risk of bowel perforation in sarcoidosis.
These case reports suggest tocilizumab shows promise in the treatment of sarcoidosis that have indications for potent steroid sparing therapy. Tocilizumab or direct inhibition of IL6 could be considered for other serious manifestations of sarcoidosis such as severe ocular or neurological involvement that have indications for potent steroid sparing therapy. Currently, a role for tocilizumab in sarcoidosis remains uncertain given a lack of clinical trials in this disease. We propose that formal clinical trials of IL6 inhibitory therapies are warranted in order to rigorously determine the effectiveness IL6 pathway inhibition for those sarcoidosis patients with indications for steroid sparing therapies. Hypothesized therapeutic role of blocking IL6 pathway in Sarcoidosis. Innate response to microbial infection induces IL6 by macrophages and dendritic cells leading to 1. Activation of the acute phase response with induction of serum amyloid A (SAA) that aggregates within granulomas and stimulates local T cell immunity; 2. induction of mTOR with metabolic changes and promoting epithelioid cell differentiation; 3. promotion of Th17 cell differentiation; 4. inhibition of regulatory T cell differentiation enhancing local Th1/ Th17/ Th17.1 immunity. Blocking IL6 receptor with tocilizumab would potentially inhibit these responses.
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